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PRECONDITIONED CRYSTALS OF LITHIUM NIOBATE AND LITHIUM 
TANTALATE AND METHODS OF PREPARING THE SAME 

This application is a continuation-in-part of prior U.S. application serial no, 

08/900,179 entitled PRECONDITIONED CRYSTALS OF LITHIUM NIOBATE 

5 AND LITHIUM TANTALATE AND METHODS OF PREPARING THE SAME, 

filed on July 25. 1997. 

Field of the Invention 
The present invention relates to improved crystals of lithium niobate and 
lithiiim tantalate and methods of preconditioning such crystals for use in electrical 
10 applications such as surface acoustic wave filter deAdces. 

Raglf ground of the Invention 
Lithium niobate (LN) and lithium tantalate (LT) are widely used in a variety 
of electronic applications including surface acoustic wave (SAW) signal processing, 
guided-wave optic modulation and switching, and electro-optic laser Q-switching, 
15 and modulation. The physical basis for the suitability of LN and LT crystals for 
these types of applications is their atomic-scale crystal structure, which results in the 
crystals' natural piezoelectric response useful in SAW-based devices, electro-optic 
response useful in integrated optic devices and pyroelectric response useful in 
pyroelectric detectors. Another characteristic of LN and LT that may be important in 
20 some applications is the optical absorption of the crystal. For example, integrated 
optic devices require a relatively small optical absorption, while other devices; such 
as SAW filters do not require a low optical absorption. In some instances, this 
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natural physical response of the crystals can complicate crystal processing and 
adversely effect performance of devices in which the crystals are incorporated. 

A crystal's pyroelectric or piezoelectric response causes the external surfaces 
of a fabricated crystal to become electrically charged in response to a change in 
S temperature of the crystal or in response to a mechanical stress applied to the crystal. 
These electrical sur&ce charges can spontaneously short, with associated sparicing 
causing dramatic processing or performance failure, or even crystal fracture. One 
common example of such performance failure is an unacceptably high bit-error-rate 
of LN-based SAW filters used in digital radio applications. In order to avoid such 
10 types of failures, current production protocols for these types of filters include 
extensive and costly device testing designed to eliminate those filters prone to such 
spurious pyroelectric or piezoelectric induced failures. 

The process of incorporating LN or LT crystals into electronic devices often 
includes steps that result in exposing the crystals to conditions that invoke an 
IS xmtimely and unwanted pyroelectric or piezoelectric response. In an effort to reduce 
the risk of problems associated with the unintended bidld up of surface charges, for 
example catastrophic discharge of tiiese charges during manufacture, device 
manufacturers have had to take steps that add significantly to the cost, time, and 
complexity of incorporating the crystals into devices. 
20 For LN and LT crystals manufactured by conventional methods, surfece 

charges can eventually decay with time as they are neutralized by the movement of 
free charge from within the crystal itself or from the surrounding environment This 
natural decay occurs after the sur&ce charge develops and does nothing to mitigate 
or minimize the degree to which the surface of the crystal becomes charged as a 
25 result of the crystal's natural piezoelectric or pyroelectric response. 

In view of the increasing demand for reliable LN and LT crystals for 
applications such as surface acoustic wave filter devices, guided wave optic 
modulation and switching, and electro-optic Q-switching and modulation, the need 
exists for LN and LT crystals that continue to exhibit properties tiiat make them 
30 desirable for such applications and that do not suffer fix>m the drawbacks associated 
widi the buildup of excessive spurious pyroelectric or piezoelectric surface charges. 

Summary of the InvCTtion 
In accordance with the present invention, crystals of LN or LT are 
preconditioned to increase the ability of the crystal to reduce electrical charging of 
35 the crystal surface. Crystals of the present invention are able to reduce electrical 



wo 01/33260 



-3- 



PCTAJSOO/41939 



charging by effectively reducing or dissipating the buildup of surface electric charges 
(caused by the natural pyroelectric or piezoelectric response of the crystal) preferably 
as fast as the charges are graerated. 

The present mvention also relates to a method for preconditioning or an LN 
5 or LT crystal to increase the crystal's ability to reduce electric charging of the 
crystal's surface. In a preferred embodiment of the method aspect of the present 
invention, the ability of the crystal to reduce electric charging of the crystal's surface 
is increased by exposing the crystal to a combination of heat and a chemically 
reducing atmosphere to increase the free electron density within the crystal, followed 
10 by a controlled quenching of the resulting crystal to a temperature ranging between 
about 250**C to about 100**C. After the crystal is quenched it may be cooled to room 
temperature under either an oxidizing or a reducing atmosphere. 

The present invention provides crystals which can effectively minimize the 
buildi^ of electric charges on the crystal surface that are induced by the crystal's 
15 natural pyroelectric or piezoelectric response, particularly those surface charges that 
build up as a result of mechanical stress or temperature change not associated with 
the normal operation of the device in which the crystal is incorporated. In a preferred 
embodiment, the preconditioned crystal is able to reduce surface charging by 
neutralizing or dissipating these charges as fast as they are generated. 
20 netailed Description of the Preferred Embodiment 

The LN (flie compound formed from Li20 and Nb205) and LT (the 
compound formal from Li20 and Ta205) crystals of the present invention exhibit 
piezoelectric and pyroelectric responses that make the crystals suitable for 
applications such as surface acoustic wave (SAW) signal processing, guided-wave 
25 optic modulation and switching, and electro-optic laser Q-switching and modulation. 
The present invention is described below in the context of LK crystals; however, the 
description is believed to be equally applicable to other types of crystals such as LT. 

LN and LT crystals can be grown by a number of techniques, the best known 
of which is die Czochralski technique. A summary of flxe Czochralski technique can 
30 be found in Current Topics and Material Science, VoL 1. E. Kaldis editor. North 
Holland Publishing Co., 1978, ch. 7 by Dr, Aimin Rauber, p- 545-48, which is herein 
incorporated by reference. LN crystals grown by the Czochralski technique are 
achieved by pulling LN from a melt. Nearly any kind of conventional crystal pulling 
s^paratus can be used. The crucible in which the LN is heated can be platinum. 
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There are no special demands for die atmosphere, with air in many situations being 
preferred. 

As noted in the background of die invention, LN crystals exhibit a natural 
piezoelectric and pyroelectric response. As a result, as illustrated in the Comparative 

5 Example set forth below, LN crystals in the form of wafers build up surface charges 
when subjected to a temperature change, such as those encoxmtered when such 
crystals are processed and incorporated into electrical devices, or when the devices 
are used. These surface charges, which can take extended periods of time (e.g., 
15-20 hours) to dissipate naturally, can cause sparking or shorting, which can lead to 

10 device malfunction or failure or even crystal fracture. In contrast, as described in the 
Example that follows the Comparative Example, preconditioned LN wafers of the 
present invention are able to effectively reduce the buildup of at least a portion of 
surfece charges resulting from the crystal's natural pyroelectric response. By 
effectively reducing surface charging, (1) die risk of sparking is reduced, and the risk 

15 of device feilure can be reduced; and (2) the need for costly and time intensive 
processing steps normally used to reduce the buildup of sxirface charging is avoided. 

While not intended to be limited to any particular theory, it is believed that 
the observed reduction in surface charging for preconditioned crystals of the present 
invention is a result of the increased electrical conductivity of the preconditioned 

20 crystals compared to crystals that have not been preconditioned. Preferably, die 
crystal's electrical conductivity is increased without a significant change in other 
physical and electrical properties that make die crystal desirable for its intended 
purpose. The increase in electrical conductivity is believed to result from an 
effective change in the oxidation state of a portion of the niobium or tantaliim from a 

25 +5 oxidation state to a +4 oxidation state. The resulting increase in electron density 
is believed to increase the electronic conductivity of the crystal, which allows the 
crystal to more rapidly neutralize or dissipate surface charges resulting from the 
natural piezoelectric or pyroelectric response of the crystal. A preferred process for 
preconditioning LN crystals is described below. Other techniques capable of 

30 increasing the electronic conductivity of the crystal without adversely affecting the 
other physical and electrical properties of the crystal can also be used to increase the 
ability of a LN or LT crystal to reduce surfece charging in accordance with the 
present invention. The specific process described below is ptefored, due to its 
simpliciQr and ease of control. 
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LN or LT crystals of the present invention have been treated to increase the 
crystal's ability to neutralize or dissipate electrical charges on the crystal surface. 
Preconditioned crystals that have been preconditioned using the method of a 
preferred embodiment, unlike crystals that have not been preconditioned, exhibit a 
5 color ranging fiom light grey to dark blue or black. The crystals may be lightly 
colored or they may be opaque, depending on the conditions that are iised to 
precondition the crystal. In view of this color change, the preconditioned crystals of 
the preferred embodiment are preferred for applications where optical absorption is 
not a critical crystal property. The preconditioned crystals, after being exposed to 
10 conditions that invoke a pyroelectric response, exhibit a sur&ce charge that is less 
than the surface charge that is observed from crystals exposed to the same conditions 
that have not been preconditioned according to the present invention. In certain 
situations, as described below in die Example, preconditioned crystals of the 
preferred embodiment do not ^chibit any measurable pyroelectric charge after being 
15 exposed to a temperature change that normally invokes a pyroelectric response that 
results in the formation of a measurable surface charge. 

One process for preconditioning an LN crystal in accordance with the present 
invention involves exposing wafers of LN crystals to heat under a chemically 
reducing atmosphere. After the wafers are exposed to the desired temperature for a 
20 predetermined period of time, they are quenched by cooling the crystals to a 
temperature ranging between about 250 to about lOO^C under a chemically 
reducing atmosphere. The quenched crystals are then preferably allowed to cool to 
room temperature under either a reducing atmosphere or an oxidizing atmosphere, 
such as air. Suitable preconditioning of LN crystal wafers can be achieved by 
25 exposing the wafers to target temperatures in an oven greater than about 500°C under 
an 85% nitrogen gas and 15% hydrogen gas atmosphere for dwell times on the order 
of about one to about 200 minutes. After the wafers have been exposed to the target 
temperature for the predetermined period of time they can be quenched in the oven 
by cooling the crystals in the oven under the same reducing atmosphere imder which 
30 they were initially heated or imder a different reducing atmosphere. It is preferred 
that the crystals be quenched under a reducing atmosphere, (as opposed to an 
oxidizing atmosphere) to avoid a reversal of the reduction that occurred at the highw 
temperatures. The purpose of the quench is to cool the crystals while maintaining the 
non-equilibrium condition feat results from the initial heating step under the 
35 chemically reducing atmosphere. Without being bound by theory, it is believed that 
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initial heating step under a chemically reducing atmosphere imparts a metastable 
condition to the crystal wherein the crystal is not at equilibrium with respect to its 
oxygen content. It is believed that the quenching step effectively "locks in" this 
metastable state. To eflfcctively lock in this non-equilibrium condition, it is believed 
5 necessary to carry out tiie quenching step under a chemically reducing atmosphere in 
order to minimize or avoid the reversal of the reduction achieved in the initial heating 
step. Once the crystals reach a temperature of about 100**C or less, they can be 
cooled to room temperature under eithCT a chemically reducing atmosphere or an 
oxidizing atmosphere. If cooling of the quenched crystal is to be carried out under an 
10 oxidizing atmosphere, it is preferred that the introduction of the oxidizing 
atmosphere occur after the temperature of the crystal has dropped below about 
lOO^C, so as to minimize any oxidation of tiie reduced crystal. 

As illustrated in the Example that follows, the preconditioned crystal wafers 
that have been exposed to conditions that invoke a pyroelectric response exhibit 
15 surfece charges that are less than the surface charges that build up on identical wafers 
that have been exposed to the same conditions but have not been preconditioned in 
accordance with flie present invention. In addition, when a detectable surfece charge 
is observed, the length of time required for the surface charge to decay below 
detectable levels using a conventional electrostatic field meter is less for 
20 preconditioned crystals compared to crystal wafers that have not been 
preconditioned. 

In addition to those described above and in the Example that follows, other 
target temperatures, heat up and cool down rates, dwell times and atmospheres 
suitable for increasing the ability of flic crystal to reduce surfece charging wifliout 

25 adversely affecting the desirable performance properties of the crystal can be 
en^loyed. For example, in addition to the hydrogen and nitrogen gas mixture 
described below, oflier gases such as hydrogen alone, nitrogen alone, argon, water, 
carbon dioxide, carbon monoxide, and combinations thereof can be used in 
accordance with flie present invention. A combination of 85% nitrogen gas and 

30 15% hydrogen gas is preferred because of its ready availability &om nxmierous 
commercial sources. It is contemplated that different gas mixtures will provide 
different results so far as the extent of the reduction that is achieved. 

The rate at which the crystal wafers are heated is not believed to be critical. 
Effective preconditioning of LN crystals can be achieved at heat up rates of about 

35 6**C to about TC per minute. Likewise, the cool down rate is not believed to be 
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critical and effective preconditioiiing of LN crystals can be achieved at cool down 
rates ranging fiom about 0.5**C to about lOO^^C per minute have provided satisfactory 
results. Other heating rates and cooling rates that are either greater or less than those 
set forth above may also be used. 
5 Effective preconditioning is achieved at oven temperatures above 500**C. 

Preferably, the oven temperature ranges from about SOO^'C to up to about 1,140**C 
(the Curie temperature for lithium niobate) and most preferably from about 750*^0 up 
to about 1,140°C. The higher temperatures are preferred because they provide a 
greater increase in the ability of the crystal to reduce surface charging compared to 
10 temperatures near die lower end of the ranges. For oven temperatures closer to the 
lower end of the ranges noted above, an increase in the ability of the crystal to reduce 
surface charging is observed, but the increase is not as great compared to the increase 
observed at the higher temperatures. An increase in the ability of the crystals to 
reduce surface charging is also observed at temperatures below about 500®C although 
IS such increases are less than those observed at temperatures greater than SOO^C. As 
discussed above, depending \ipon the effect of the preconditioning on other 
properties of the crystal, the lower temperatures may be suitable and in fact preferred. 

The dwell times that the crystals are exposed to the target temperature in 
accordance with the present invention can vary. Increasing the dwell times for a 
20 given target temperature and atmosphere should increase the ability of a crystal to 
reduce surface charge build up compared to crystals exposed to the target 
temperature for shorter dwell times. Shorter dwell tunes are preferred fitjm the 
stan^oint of minimizing process times and energy requirements for titie process. 

In accordance with one method of carrying out a process in accordance with 
25 the present invention, towards the end of the quenching step the atmosphere around 
the crystals can slowly be converted to an oxidizing atmosphere once the crystals 
reach a temperature of about 100**C or less. Avoiding contact of the crystals with an 
oxidizing atmosphere at temperatures above lOO^'C is preferred in order to avoid the 
oxidation of the already reduced crystals. 
30 As set fordi in more detail below in the Comparative Example and the 

Example that follows, preconditioned LN crystal wafers of the present invention that 
have been exposed to conditions that invoke a natural pyroelectric response, exhibit 
surface charges that are less than the surface charges observed on conventional LN 
wafers that have not been preconditioned and have been exposed to the same 
3S conditions. 
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r^^mr^^^^^ Example 

This comparative example illustrates the natural pyroelectric response of a 
conventional LN crystal that has not been preconditioned in accordance with the 
present invention. 

5 A wafer of LN 76 mm in diameter and 0.5 mm thick oriented with tiie surface 

normal to the 64** rotated y-direction was prepared using the Czochralski method and 
a conventional fabrication method. The wafer was polished on one side and was 
colorless and translucent. The wafer was electrically neutralized on a hot plate at 
125°C. Following electrical neutralization, the wafer was cooled to 80**C over 45 

10 minutes and held at SO'^C using the same hot plate. Using a laboratory electrostatic 
field meter available under the trademaric Digital Stat-Aic 2, Model No. 282-1 from 
Monroe Electronics, the wafer surfece was measured to have a charge of at least 
5 X 10"^ coulombs based on the total surface area of the wafer. The sur&ce charge 
was monitored continuously and recorded ev^y five minutes. Afto: rougjily about 

15 one hour at SO'^C the surface charge was remeasured and observed to decay slowly to 
approximately 60 percent of the original surface charge. It was only after an 
extended period of about 15 hours at 80**C, that the total surface charge was observed 
to dissipate to a level below 5 x 10*^^ coulombs based on the total surface area of the 
wafer at 80*^0, the detection limit of the electrostatic field meter. 

20 In this comparative example the surface charge and its decay was observed at 

80*^0. At room temperature the length of time needed to allow the surface charge to 
decay below detectable limits would be even longer. 

This comparative example illustrates flie surface charging of an LN wafer 
resulting fix>m the natural pyroelectric response of LN and the length of time needed 

25 to naturally dissipate the built-up charge. 

Examplg 

In this example, LN wafers are preconditioned to increase their ability to 
reduce surface charging in accordance with ttie present invention. 

Wafers of LN were cut fi^m the same boule that served as the source of flie 
30 wafer in the Comparative Example. The wafers were polished and lapped in an 
identical manner as the wafer described in the Comparative Example. These wafers 
were placed in a sealed oven through which a mixture of 85% nitrogen gas and 
15% hydrogen gas was flowed at a rate of approximately 1.5 liters per minute. The 
oven comprised a tisree-zone tube furnace widi a horizontal, 4-inch diameter alumina 
35 process tube. The wafers were supported by alumina carriers placed in the center of 
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the process tube. The alumina process tube extended out of the furnace so that its 
ends were exposed and remained cool. O-ring seals on the alumina process tube 
provided a sealed furnace cavity. The wafer was loaded into &e process tube, which 
was then sealed with end caps. The gas flow was initiated and the furnace heating 
5 schedule begun. The fiimace temperature was increased from room temp^ture to 
the target temperature at a rate of about 6.TC per minute. Once the target 
temperature was reached, the temperature was maintained for a predetermined dwell 
time. After the dwell time, the furnace was allowed to cool naturally, while the 
crystals remained in the chemically reducing atmosphere until their temperature 
10 reached less then lOO^'C, After reaching less than about lOO^'C, the atmosphere 
around the crystals was slowly changed to an oxidizing atmosphere by introduction 
of air into the oven. After reaching room temperature, the wafers were removed from 
the furnace and their visual appearance was observed qualitatively and. recorded. 
X-ray difGraction analysis confirmed the original crystal structure of tiie material. 
15 The preconditioned wafers were subjected to the same hot plate treatment described 
in the Comparative Example to ascertain the surface charge of the wafers after being 
exposed to a temperature change and the charge decay time required for the surface 
charge to fall below the 5x10-^^ coulomb lower detection limit of the electrostatic 
field meter. For those wafers where the target temperature was set at SOO'^C or 
20 greater and the wafer wherein the target temperature was 400®C and the dwell time 
was 200 minutes, the surface charge measured inunediately before, during and after 
completion of cooling to SO^'C was below the detection limit of the electrostatic field 
meter. From tiiis observation, it was presumed that the charge had decayed in less 
than 1 second. The surfru:e resistivity of the wafers was determined using a Keithley 
25 Instraments Model 487 picoammeterAroltage source together with a Model 8008 
resistivity test fixture. The surface resistivity was measured by applying a voltage of 
200 volts across the circular g^ between the two electrodes. The electrodes were 
circular (one larger doughnut-shaped electrode, and a smaller circular-shaped one 
located within the larger electrode) and were contacted to the polished wafer surface 
30 using conductive rubber. The "effective perimeter" of the circular electrode was 
16.97 centimeters (6.68 inches) and the gap width was 0.32 centimeters (1/8 of an 
inch). The surfece resistivity is given by 6.68/0.25 x U/I = 53.4 x U/I, where U is 
the 200 volts applied, and I was the cuiient across the gap read about one minute 
after applying the voltage, when the display was stable. The results are summarized 
35 in Table 1. 
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Table 1 



Furnace 


Dwell 


Color 


Sxirface 


Surface 


Charge Decay 


Target 


Time 




Charge 


Resistivity 


Time at SO'^C 


Temperature 

rc) 


(minutes) 




(coulombs) 


(ohms) 


(hrs) 


80**C 


- 


colorless/ 


5.0 E-9 


- 




(Comparative 




translucent 








Example) 












400 


1 


very light grey- 
colorless/ 
translucent 


5,0 E-9 


9.11E+13 


16+ 


400 


200 


grey/translucent 


<5.0 E-U 




<1 sec 


500 




grey/translucent 


<5.0E-11 


1.2E+14 


<1 sec 


550 




grey/transhicent 


<5.0 E-11 




<1 sec 


650 




daxkgrey/ 
translucent 


<5.0E-11 


1.8E+12 


<1 sec 


700 




black/opaque 


<5.0 E-11 




<1 sec 


750 




black/opaque 


<5.0E-11 


2.1E+10 


<1 sec 


800 




black/opaque 


<5.0E-11 


6.4E+10 


<1 sec 


1030 




black/opaque 


<5.0E-11 


1.7E+8 


<1 sec 



This example illustrates how preconditioned LN crystal wafers of the present 
5 invention effectively reduce charging of the surface of an LN crystal wafer. 

It is believed &at the concepts of the present invention can easily be applied 
to various LN or LT crystals having a wide variety of physical characteristics, such 
as wafers of varying diameters, thicknesses and orientations. This can be 
accomplished by selecting appropriate fiimace temperatures, dwell times, chemically 
10 reducing atmospheres and otiier parameters. The concepts of tiie present invention 
could also be ^plied to wafers eiAer before or after the wafers have been polished, 
or even to slabs of crystal material. In addition, the mediod of the present invention 
may be performed at different stages of the manufacturing of devices, such as after 
cleaning or metal deposition on the wafers. 
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The advantages provided by preconditioned crystals of the present invention 
and the method of preconditioning crystals in accordance with the present invention 
are applicable to LN and LT crystals that are subjected to manufacturing conditions 
that invoke either a pyroelectric or piezoelectric response that results in the buildup 

5 of unwanted surface charges. The ability of crystals preconditioned in accordance 
with the present invention to reduce the build up of sur&ce charges is not believed to 
adversely affect the ability of the crystal to perform in its intended manner. For 
instance, for SAW based devices, the frequency of the mechanical stress encountered 
in normal operation and the resulting response is high enough that any increase in the 

10 rate of dissipation of the surface charge buildup, resulting from preconditioning the 
crystal in accordance with the present invention does not affect the performance of 
the device incorporating the crystal. On the other hand, the preconditioned crystals 
of the present invention are able to effectively reduce the unwanted surface charge 
buildup resulting from temperature changes or mechanical stresses originating from 

15 the process of manufacturing tiie device in which the crystal is incorporated, or 
occurring during use of the device, because the frequency of the mechanical stress or 
temperature change is much less than the frequency encountered in normal operation. 
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The embodiments of the invention in which an exclusive property or privilege 
is claimed are defined as follows: 

1. A mediod for preconditioning a lithium niobate or lithitmi tantalate 
crystal to increase the crystal's ability to reduce electric charging of the crystal 
surfiEu:e comprising: 

heating the crystal under a chemically reducing atmosphere; and 
quenching the crystal by reducing its temperature to below about 250**C under 
a chemically reducing atmosphere. 

2. The method of Claim 1, wherein the crystal is quenched by reducing 
its temperature to between about 250**C to about 100^'C under a chemically reducing 
atmosphere. 

3. The method of Claim 2, further comprising a step of cooling the 
quenched crystal to room temperature under an oxidizing atmosphere. 

4. The method of Qaim 1, wherein tiie heating step involves heating the 
crystal to a temperature greater than 400'*C. 

5. The method of Claim 4, wherein the heating step involves heating the 
crystal to a temperature ranging between about 4O0''C to about 1,140X. 

6. The method of Claim 1, wherein the chemically reducing atmosphere 
comprises gases selected from argon, water, hydrogen, nitrogen, carbon dioxide, 
caifoon monoxide, and combinations thereof. 
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